We estimate the environmental and public health benefits that may be realized if solar energy cost reductions continue until solar power is competitive across the U.S. without subsidies. Specifically, we model, from 2015-2050, solar power-induced reductions to greenhouse gas (GHG) emissions, air pollutant emissions, and water usage. To find the incremental benefits of new solar deployment, we compare the difference between two scenarios, one where solar costs have fallen such that solar supplies 14% of the nation's electricity by 2030 and 27% by 2050, and a baseline scenario in which no solar is added after 2014. We monetize benefits, where credible methods exist to do so. We find that under these scenarios, solar power reduces GHG and air pollutants by ~10%, from 2015-2050, providing a discounted present value of $56-$789 billion (central value of ~$250 billion, equivalent to ~2 ¢/kWh-solar) in climate benefits and $77-$298 billion (central value of $167 billion, or ~1.4 ¢/kWh-solar) in air quality and public health benefits. The ranges reflect uncertainty within the literature about the marginal impact of emissions of GHG and air pollutants. Solar power is also found to reduce water withdrawals and consumption by 4% and 9%, respectively, including in many drought-prone states.
Introduction
The contribution of solar energy to global (EPIA 2014) and U.S. (GTM/SEIA 2015) electricity supply is modest but growing rapidly-a consequence of steep reductions in the cost of solar energy (Barbose et al. 2015; Bolinger and Seel 2015) and, in the United States, a wide array of policy measures at the state and federal levels (Sarzynski et al. 2012; Shrimali and Jenner 2013) . At the federal level, in addition to programs that provide direct financial assistance to solar power projects, such as the investment tax credit, the United States has developed a targeted research program (the SunShot Initiative 1 ) designed to bring new solar technologies to market and to reduce the costs of deploying existing technologies. A primary goal of the SunShot Initiative is to reduce the total installed cost of utility solar photovoltaics to 1 $/W dc by 2020, with concomitant reductions in the cost of other solar applications and technologies, strengthening the role of solar as a low-cost energy source and motivating higher levels of solar electricity supply in the near, medium, and longer term.
Achieving these cost reductions would have profound implications for the solar industry, the electricity sector as a whole, end-use electricity consumers, and the environment. Substantial progress has already been made in meeting the SunShot cost goal, though additional effort is required to ensure success by 2020 (Woodhouse et al. 2016) . The SunShot Vision Study (DOE 2012) used an electric sector capacity-expansion model (the National Renewable Energy Laboratory's Regional Energy Deployment System, or NREL's ReEDS) to evaluate the implications of achieving the SunShot cost targets for the United States, finding overall solar electricity penetrations of 14% of annual U.S. electricity demand by 2030 and 27% by 2050. While that study provided a detailed estimate of where and when solar would be deployed over time, it did not comprehensively quantify the potential environmental and health benefits associated with achieving these levels of solar penetration.
We fill this gap by assessing an important subset of the potential environmental and health benefits of achieving the solar penetrations envisioned by DOE (2012) . The environmental and public health benefits of solar derive from avoiding combustion-based electricity generation. The environmental impacts of electricity generation are described by NRC (2010) . Depending on the fuel and technology type, combustion-based electricity generation emits greenhouse gases, pollutants such as particulate matter (PM 2.5 ) and PM 2.5 precursor gases such as sulfur and nitrogen oxides. Nitrogen oxides can also contribute to ozone air pollution. Combustion-based generation units also typically withdraw and consume water for cooling purposes.
In this analysis we cover greenhouse-gas (GHG) emissions reductions, air-pollution health and environmental impacts, and water-use reductions. We use a scenario-analysis approach where the 14%-by-2030 and 27%-by-2050 "SunShot Vision" scenario is compared with a "No New Solar (NNS) baseline" scenario in which no new solar is deployed after 2014. This framework allows us to assess the potential benefits of all incremental solar deployment. We again employ NREL's ReEDS to conduct our analysis, updating the analysis conducted in DOE (2012) . We take the modeled output from ReEDS and then apply additional tools-as necessary-to assess potential benefits in physical and, where feasible, monetary terms. Various aspects of this work build on or complement approaches used in the recent Wind Vision report (DOE 2015) and those used by U.S. regulatory agencies (GAO 2014; EPA 2015c) and academic researchers (NRC 2010; Arent et al. 2014; Buonocore et al. 2016; Callaway et al. 2015; Cullen 2013; Graff Zivin et al. 2014; Driscoll et al. 2015; Fann et al. 2012; Johnson et al. 2013; Kaffine et al. 2013; McCubbin and Sovacool 2013; Novan 2014; Siler-Evans et al. 2013; Shindell 2015) .
The focus of this analysis is narrow. We do not assess the full array of possible environmental and health benefits, instead choosing to emphasize what are-arguably-the three most notable benefits (Sinha et al. 2013) . Moreover, decision-makers will wish to compare these potential benefits with, among other things, the potential costs and risks introduced by adding solar to the electric system as well as the potential negative impacts of solar on local ecosystems and communities. Though we do not address electric-system costs or impacts in this analysis, DOE (2012) provides an initial assessment of them. Other papers in the DOE's On the Path to SunShot Study series also help inform such comparisons: Denholm et al. (2016) and Palmintier et al. (2016) assess electric-system integration challenges, for example, while Chung et al. (2016) highlight the potential impacts of the solar industry on domestic manufacturing and jobs. Finally, while our results are dependent on the specific modeled scenarios, we describe how our results are sensitive to various assumptions across our analysis. With these caveats, our methods, results, and discussion provide generalizable insights into the potential for increased solar power to provide environmental and public health benefits.
Section 2 provides an overview of the methods used, including background information about the ReEDS model, key assumptions that drive the scenario analysis, and a description of the specific methods used to estimate emissions and water usage impacts. Section 3 presents a summary of the scenario results as they relate to solar deployment and the GHG, air quality, and water usage impacts and is followed by brief concluding remarks in Section 4 that highlight both the key implications and limitations of the analysis in informing decisions.
Methods

Electric-System Modeling and ReEDS
As in the SunShot Vision Study (DOE 2012) , the electric-sector analysis for the present assessment relies primarily on NREL's ReEDS model. We use ReEDS model version 2015.2, which is most closely linked to the versions used in the Wind Vision study (DOE 2015) and in the NREL 2015 Standard Scenarios Annual Report . The Solar Deployment System (SolarDS) rooftop photovoltaic (PV) consumer-adoption model (Denholm et al. 2009 ) was used to generate the distributed generation PV (DGPV) trajectory in the SunShot Vision Study (DOE 2012) , and is applied for the present analysis.
ReEDS is an electric sector capacity-expansion model for the continental United States that relies on an optimization algorithm to estimate the type and location of new fossil, nuclear, renewable, and storage capacity and generation; transmission-expansion requirements; and fuel needed to satisfy regional demand requirements and maintain resource adequacy, all at least cost. ReEDS is a sequential linear program that models two-year solve increments from 2010 to 2050 and finds the least cost solution based on 20-year net present value costs for new capital infrastructure, operating costs, and fuel costs used to operate the continental U.S. electric system. ReEDS represents technological, physical, and policy constraints in its scenario development. It considers the characteristics of renewable energy technologies in estimating future electricsystem investments by using high spatial resolution and statistical methods that account for the impacts of renewable variability, uncertainty, and resource distribution and quality. The constraints in the model help to ensure resource adequacy for all amounts of renewable shares in the system. ReEDS endogenously estimates transmission-expansion needs, potential increases in ancillary-service requirements due to renewable energy forecast errors, renewable curtailments, and the changing capacity credit of renewable energy technologies, and incorporates these estimates in its investment decisions.
ReEDS has been used in multiple recent analyses, including the original SunShot Vision Study (DOE 2012) and SunShot sensitivity analysis (Eurek et al. 2013) , other renewable technology visions (DOE 2008; DOE 2015; NREL 2012) , solar technology-specific assessments (Denholm et al. 2012; Sigrin et al. 2014; Cole et al. 2015) , and policy analysis (Mai et al. 2016; Bird et al. 2011; Lantz et al. 2014; Logan et al. 2013; Mignone et al. 2012; Sullivan et al. 2014) . The model documentation can be found in Short et al. (2011) with more recent model improvements described in Sullivan et al. (2015) .
Key Data Assumptions
Our scenario modeling builds on the SunShot Vision Study (DOE 2012) by developing two scenarios of continental U.S. electricity systems out to 2050: (1) a SunShot Vision scenario that mirrors the solar deployment trends of the SunShot scenario in DOE (2012), and (2) a No-NewSolar (NNS) baseline scenario as the relevant point of comparison. The NNS baseline scenario is purely a comparison case, enabling us to estimate the full potential environmental and health benefits of all new solar deployed in the SunShot Vision scenario. This scenario construct differs from that from the SunShot Vision Study in that in the original study, ReEDS was used to project the amount of solar deployment given successful cost reductions for solar technologies. In contrast, here we assess the impacts of solar under scenarios with penetration levels governed by the solar results from the original study and compared to a NNS baseline.
We rely on input data assumptions recently developed and used for the NREL Standard Scenarios Annual Report and the Wind Vision study (DOE 2015) . These include cost and performance assumptions for non-solar renewable technologies. We model wind technologies using the "central" wind cost case from the Wind Vision study (DOE 2015) , which projects wind levelized cost of energy reductions from 2014 levels of 16% by 2030, and 22% by 2050. For non-renewable technology assumptions-including fossil and nuclear capital costs, operations and maintenance costs, and heat rates-we rely on data from the Energy Information Administration's Annual Energy Outlook (AEO) 2015 Reference scenario (EIA 2015a). We also use AEO 2015 Reference scenario demand growth results and fuel-natural gas, coal, and uranium-costs. Average coal prices are assumed to grow from about $2.30/MMBtu ($2.20/GJ) in 2016 to about $3.00/MMBtu ($2.80/GJ) in 2050. Natural gas prices are assumed to grow from about $4.50/MMBtu ($4.30/GJ) to $9.20/MMBtu ($8.70/GJ) over the same time period.
2 ReEDS includes regional supply curves (informed by the AEO 2015 Reference scenario) to treat the elastic interactions between electric-sector natural gas demand and price. Solar technology costs are closely aligned with those used in the SunShot Vision Study; new concentrated solar power (CSP) is presumed to include thermal energy storage. Because the modeled scenarios have prescribed solar-penetration levels, following the original SunShot Vision report (DOE 2012) , different solar technology assumptions will not yield significant differences in deployment.
The modeling includes existing (as of 2015) policies and regulations only. State renewables portfolio standards, including those with solar-specific targets, and California's carbon cap are modeled in ReEDS. Although we recognize the ongoing uncertainties associated with federal air regulations, we include estimated retirement, retrofit, and dispatch impacts of the Cross State Air Pollution Rule (CSAPR) and the Mercury Air Toxics Standard (MATS) in our scenario modeling. Section 2.4.2 details the implications of this assumption on estimated air-pollution benefits. Importantly, we do not explicitly model the U.S. Environmental Protection Agency (EPA) Clean Power Plan (CPP) regulation on power plant emissions; however, we do estimate the possible benefits of solar in meeting CPP compliance obligations in Section 2.5.1. The model does not include the end-of-2015 investment and production tax credit extensions, although this omission will not meaningfully impact the results of our analysis given the scenario design described earlier. See Mai et al. (2016) for a discussion of the impact of the tax credit extensions on renewable energy deployment. 2.4 GHG emissions, air pollutant emissions, and water usage For each scenario we calculate power plant operational water usage and power plant operational emissions of CO 2 , SO 2 , NO x , and primary PM 2.5 . For GHG emissions we also calculate life-cycle emissions. In all cases we compare the difference in the SunShot Vision scenario relative to the NNS baseline scenario and we compare across the full analysis timeframe: 2015-2050.
GHG emissions
In addition to operational CO 2 emissions, calculated within ReEDS, life-cycle GHG analysis includes emissions from (1) ongoing fuel-cycle emissions from the production and transport of fuels and from other aspects of power plant operations; (2) construction-related emissions; and (3) emissions from end-of-life decommissioning. We developed median life-cycle, noncombustion GHG emission values for each generation technology and for the fuel cycle, construction, and decommissioning phases based on NREL's LCA Harmonization project 3 literature. To estimate non-combustion GHG emissions from the fuel cycle, we use the electricity-production estimates (in MWh) provided by ReEDS for all generation technologies and apply the median, literature-derived estimates of technology-specific, non-combustion fuelcycle GHG emissions. We assume that biomass GHG combustion emissions are entirely offset by carbon absorption to produce the biomass feedstocks. To estimate GHG emissions from construction, we use the capacity estimates (in MW) provided by ReEDS over the 2015 to 2050 timeframe and apply the median, literature-derived estimates of technology-specific, construction-related GHG emissions. Finally, to estimate GHG emissions from decommissioning, we use decommissioning capacity estimates (in MW) provided by ReEDS over the 2015 to 2050 timeframe and apply the median, literature-derived estimates of technology-specific, decommissioning-related GHG emissions. This approach was used in DOE (2015) , where the methods are described in greater detail.
Air pollutant emissions
Combustion-related power-sector emissions of SO 2 , and NO x are estimated within ReEDS. Within ReEDS, generation is multiplied by SO 2 and NO x emission rates across each power plant type and location to estimate total SO 2 and NO x emissions. ReEDS emission rates were developed based on recent measurements of power plant emissions (Ventyx 2013) and SO 2 emission rates were updated to meet MATS' SO 2 emission 'alternate' limits starting in 2016 (EPA 2011). Combustion-related PM 2.5 emission estimates are developed for both scenarios as the product of ReEDS generation outputs (MWh, by generation type and vintage) and average emission rates (grams/MWh, by generation type). Average PM 2.5 emissions rates (reported by Argonne National Laboratory: Cai et al. 2012; Cai et al. 2013 ) are differentiated by generation type (coal, gas, or oil) and U.S. state. Additionally, PM 2.5 emission factors are adjusted over time to comply with scheduled PM 2.5 MATS limits for existing plants (for more details see Appendix L of the Wind Vision report, DOE 2015) .
Water usage
Power sector water usage comes in two forms. Withdrawal is defined as water removed from and then returned to a source. Consumption is defined as water that is removed but not returned to its source. Withdrawals include cooling water returned to its source at a higher temperature and consumption includes water evaporated for cooling. Power-sector water withdrawal and consumption was estimated within ReEDS. ReEDS includes representations of cost, performance, and water-use characteristics by generation type and cooling-system technology, and new power plant construction is limited by water availability (Macknick et al. 2015) . ReEDS includes four types of thermal power plant cooling systems: once-through, pond, recirculating, and dry cooling. Cooling systems for the existing fleet are assigned to ReEDS balancing-area generating capacity based on an analysis of individual electric-generating units aggregated at the ReEDS balancing-authority level, as described elsewhere UCS 2012) . Following Macknick et al. (2012) and Tidwell et al. (2013) , new power plants modeled in ReEDS do not have the option of installing once-through cooling technologies. The basic approach used here has been applied in multiple studies evaluating the national and regional water impacts of the U.S. electricity sector DOE 2015; Macknick et al. 2012; Macknick et al. 2015; Rogers et al. 2013 ).
We focus exclusively on operational water-use requirements because thermoelectric water withdrawals and consumption during plant operations are orders of magnitude greater than the demands from other life-cycle stages ). Thermal power plants using oncethrough cooling withdraw far more water for every megawatt-hour of electricity generated than do plants using recirculating cooling systems. For water consumption, however, once-through cooling has lower demands than recirculating systems. Dry cooling can be used to reduce both water withdrawal and consumption for thermal plants but at a cost and efficiency penalty (EPA 2009). Non-thermal renewable energy technologies, such as PV and wind, do not require water for cooling and thus have very low operational water-use intensities. Some PV facilities use a relatively small amount of water for washing panels, but not every PV facility washes panels. CSP facilities can use dry-cooling systems to minimize water use; wet and hybrid cooling impose greater water demands.
Related to water usage, a simplifying assumption included in the SunShot Vision scenario is that all new CSP capacity is modeled with cost and performance characteristics consistent with dry cooling. To test the impact of this assumption we performed a sensitivity analysis to analyze variations in water use resulting from different CSP cooling systems (see Section 3.4). In this sensitivity analysis, new CSP capacity is built assuming an equal distribution (one third each) of dry cooling, wet cooling using a recirculating cooling system, and hybrid wet-dry-cooling. Wetcooled CSP systems can withdraw and consume water at 10 times the rate of dry cooling, with hybrid-cooled CSP systems falling in between (Turchi et al. 2010; Macknick et al. 2012) . Wetand hybrid-cooled CSP systems generally have lower costs and higher efficiencies than drycooled CSP systems; these benefits and tradeoffs are not included in the sensitivity analysis, because we focus exclusively on environmental outcomes.
Valuation of emission reductions and water savings 2.5.1 GHG emissions valuation
We estimate the monetary benefits of reduced climate-change damages from GHG reductions using Social Cost of Carbon (SCC) estimates. The SCC provides an estimate of climate change induced monetary damages to agricultural productivity, human health, property, ecosystem services, and other systems. U.S. government regulatory bodies use the U.S. Interagency Working Group (IWG) SCC estimates (IWG 2010; IWG 2015) when formulating policy (GAO 2014; Kopp and Mignone 2012) . The IWG SCC estimates represent global future damages from GHG emitted in a particular year, with the future damages calculated in present value terms using the selected discount rate. As recommended by the IWG, we use four different IWG SCC trajectories, spanning an estimated range of climate change impact intensity as well as discount rates to find the monetary value of reduced GHG emissions over time.
As an alternative to valuing GHG reductions based on the SCC, we also value those reductions based on the possible cost of complying with legal requirements to reduce GHG emissions. The EPA may limit GHG emissions from existing and new power plants through the Clean Power Plan (EPA 2015a; EPA 2015b; Luckow et al. 2015) . When binding cap-and-trade programs are used to limit GHG emissions, the climate-change benefits of solar energy might best be valued based on the cost of complying with legal requirements to reduce carbon emissions (Barbose et al. 2008; Cullen 2013; Siler-Evans et al. 2013) . In this case, the GHG co-benefits of solar energy come in the form of helping to meet the carbon-reduction target and thereby offsetting some of the "marginal" costs of complying with the policy.
We value the GHG reductions based on two sets of compliance cost estimates. First, we use EPA estimates of the average national cost of complying with the CPP under both mass-based and rate-base application (EPA 2015a). While EPA has also estimated state-level marginal carbonabatement costs, we prefer to use national average estimates because of the uncertainty introduced at the state-level due to the flexibility allowed in a state achieving the CPP. Also, average cost estimates may be more appropriate than marginal estimates as the carbon reductions envisioned in the SunShot Vision scenario represent a sizable contribution to CPP compliance. Those estimates are provided by EPA for 2020, 2025, and 2030: we interpolate between these years to estimate costs in intervening periods. We assume the 2030 compliance cost estimates remain constant through 2050. Second, we use Synapse estimates of carbon costs under "low," "medium," and "high" trajectories (Luckow et al. 2015) . Synapse considers the possibility of more-stringent long-term carbon-reduction goals than envisioned by the CPP and so estimates higher costs than those from EPA (2015a). Finally, note that we apply the IWG SCC estimates to the estimated life-cycle GHG emissions savings (in CO 2 e), whereas we apply compliance cost estimates only to combustion-related power-sector emissions (only CO 2 ) because EPA CPP regulations apply principally to the power sector. 
emissions valuation
We calculate a range of health and environmental benefits (including reduced morbidity and mortality outcomes and total monetary value) from emissions changes based on two different peer-reviewed approaches. Both approaches include representation of pollutant transport and chemical transformation in order to assess population exposure and response. We use (a) The Air Pollution Emission Experiments and Policy analysis model (AP2, formerly APEEP; described in Muller et al. 2011) , and (b) EPA's marginal benefit methodology developed for the CPP (EPA 2015a; EPA 2015c). To incorporate differences across epidemiological studies, the EPA CPP approach includes two estimates of health impacts. The first approach, hereafter called "EPA Low," is based on work by Krewski et al. (2009) and Bell et al. (2004) . The second approach, hereafter called "EPA High," is based on work by Lepeule et al. (2012) and Levy et al. (2005) . EPA presents both approaches as equally valid. In Section 3 we report a "central" value estimate as the simple average of the three approaches. A critical value within each approach is the monetary value of preventing a premature mortality (or the Value of Statistical Life, VSL). Each approach is based on a VSL of approximately $6 million (in 2000$), which is consistent with the broader literature. The same process is used for EPA's health incidence-per-ton (mortality and morbidity outcomes) estimates.
Water usage valuation
Due to challenges associated with quantifying the monetary value of water resource services (DOE 2015) we do not quantify the benefits of water-use reductions in monetary terms (as discussed in section 3.4).
Results
In this section we present our electric sector scenario results and the environmental and public benefits estimates associated with solar from the scenarios. For the scenario results, we focus on the amount and location of solar capacity and generation under the SunShot Vision scenario and the avoided generation and capacity. Avoided generation, defined as the difference in generation between the SunShot Vision and No-New-Solar baseline scenarios, is a key determinant of the GHG, air pollution, and water benefits associated with solar. Uncertainties and limitations are also discussed.
Scenario Results
The SunShot Vision scenario demonstrates rapid and sustained new deployment of all solar electricity technologies. The geographic distribution of solar capacity influences estimated benefits, including avoided emissions and water use. Figure 3 shows the 2050 state distribution of combined DGPV and utility PV (UPV) and CSP capacity under the SunShot Vision scenario. PV capacity is widely distributed across all 48 states modeled, although the amount of PV is higher in states with a combination of high resource quality, high electricity demand, and concentrated population densities. In contrast, CSP is restricted to eight states primarily located in the Southwest because CSP requires high levels of direct normal irradiance to generate power. Nevertheless, generation from both CSP and PV meets electricity demands throughout the entire continental United States.
Figure 3. Geographic distribution of 2050 installed PV (top) and CSP (bottom) under the SunShot Vision Scenario
The relative nationwide shares of CSP and PV are determined by the prescriptive scenario design that replicates the penetration levels in the SunShot Vision Study (DOE 2012) . Deviations from these shares would yield different results in terms of location and amount of solar capacity deployed and associated environmental and health impacts.
Avoided capacity and generation are particularly important for assessing the potential environmental and health benefits associated with new solar deployment. In the scenario construct used here, avoided values refer to differences between the NNS baseline and SunShot Vision scenarios. Error! Reference source not found. Figure 4 shows avoided capacity and generation results for 2030 and 2050 over the entire continental United States footprint as estimated by ReEDS. Avoided capacity is the result of solar driving greater retirements or fewer new builds of a particular generation type in the SunShot Vision case compared to the NNS case. Avoided generation is calculated as the difference between total annual generation of each technology type across the scenarios. Depending on the year and technology, the addition of solar leads to a reduced need for new capacity or earlier retirements of existing capacity and thereby avoids the generation that comes from this new or retired capacity. In some instances, solar might also have little impact on capacity, but can reduce the average capacity factor for the particular technology type from existing generators.
In 2030, new solar in the SunShot Vision scenario is estimated to avoid 87 GW of total capacity, of which natural gas-fired capacity constitutes the majority (54 GW). Avoided 2030 generation also mostly comprises fossil sources (75% fossil), nearly evenly split between coal-based and natural-gas-based generation. The remaining smaller shares of 2030 avoided capacity and generation are predominantly from wind power technologies.
As also shown in Figure 4 , the amount of avoided fossil capacity and generation grows between 2030 and 2050; however, avoided values from non-fossil-predominantly wind-sources grow at an especially rapid pace. As a result, of the 277 GW of avoided capacity in 2050, 159 GW comes from wind and 102 GW from natural gas. Similarly, wind constitutes 50% of 2050 avoided generation compared with 46% from fossil sources and the small remainder from nuclear and non-wind renewables. This increase in avoided wind stems directly from the modeled robust growth in wind energy, especially after 2030, and the fact that increased solar deployment places downward pressure on that growth. This result also impacts our subsequent analysis, lowering the estimated environmental and health benefits of solar in comparison to a scenario in which solar is presumed to displace more fossil generation and less wind power generation. Note that significant uncertainties exist around the future amount and nature of avoided capacity, generation, and emissions driven by SunShot-level solar penetration. Nonetheless, the present analysis applies an electric-sector modeling approach to generate these estimates selfconsistently using the assumptions noted. Any differences in avoided values would yield potential benefits different from those presented in the following sections. For example, lower assumed natural gas prices would yield lower avoided gas generation and greater avoided coal generation, thereby increasing the environmental and public health benefits. Conversely, lower wind costs might lead to greater avoided wind generation and reduced benefits as the amount of avoided fossil usage would be lowered correspondingly. Also, our analysis extends through 2050 and does not include estimates of impacts that accrue after 2050.
GHG reductions
Achieving the SunShot Vision scenario reduces life-cycle GHG emissions from the power sector by 10% or 8 billion metric tons of CO 2e in total (cumulatively over relative to the NNS baseline scenario ( Figure 5 ). This represents a sizable contribution to EPA's CPP powersector emissions targets.
Figure 5. Power-sector life-cycle GHG emissions impacts of SunShot Vision Scenario
Combustion-related CO 2 savings (Figure 6 , top) are somewhat concentrated in California, Texas, and the Southeast, due to solar deployment in these regions and by the degree to which highcarbon-emitting coal plants (and, to a lesser extent, natural gas-fired generation) are displaced. On a percentage basis (Figure 6 , bottom), relative to total statewide power-sector emissions, reductions are generally spread more broadly.
Factoring in the full life cycle, total emissions reductions are somewhat lower (8.0 billion metric tons) than when only considering combustion (8.3 billion metric tons). This is largely because the sizable solar capacity additions under the SunShot Vision scenario result in higher construction-related emissions than under the NNS baseline. We have not attempted to assign the non-combustion, life-cycle emission impacts to specific regions, and so they are not included in Figure 6 . Estimates of the monetary value of these cumulative GHG emissions reductions span a large range but are sizable even in the lower case (Figure 7) . Using the IWG's "central" trajectory for the SCC, discounted, present-value global climate damage reductions from the SunShot Vision scenario equal $259 billion, equivalent to a levelized benefit of 2.2¢/kWh-solar. Across the full range of SCC estimates, total benefits span $56 billion (0.5¢/kWh-solar) to $789 billion (6.8¢/kWh-solar). If, alternatively, solar is viewed as a way to meet future carbon-reduction requirements, then the present-value benefits of achieving the SunShot Vision scenario range from $60 billion to $92 billion (0.5-0.8¢/kWh-solar) when only considering EPA CPP estimates, and from $142 billion to $347 billion (1.2-3.0¢/kWh-solar) when considering Synapse's longerterm carbon-reduction policy possibilities.
We do not consider the erosion of the GHG and air pollutant emissions benefits due to the increased cycling, ramping, and part loading required of fossil generators in electric systems with higher penetrations of variable renewable generation, as these impacts are not fully considered in ReEDS. This omission will not meaningfully bias our results because the available literature demonstrates that this impact is relatively small (Göransson and Johnsson 2009; Gross et al. 2006; Pehnt et al. 2008; Perez-Arriaga and Batlle 2012; Oates and Jaramillo 2013; Valentino et al. 2012; GE Energy Consulting 2014; Lew et al. 2013 ). 
Air pollution reductions
Achieving the SunShot Vision scenario reduces national power sector emissions of SO 2 , NO x , and PM 2.5 by 9%, 11%, and 8% in total (cumulatively over relative to the NNS baseline scenario (Figure 8 ).
The emissions savings are spread widely across the United States but with some concentration in Texas, Oklahoma, Louisiana, Arkansas, and the broader Southeastern region (see Figure 9 ). These results are driven both by the amount of solar deployment in each state and by the regions in which high-emitting coal generation is displaced. Reduction of SO 2 and the subsequent reduction of particulate sulfate concentrations account for most of the monetized benefits. For example, reduced SO 2 emissions accounted for 61%, 73%, and 68% of the AP2, EPA Low, and EPA High benefit estimates, respectively. The benefits of reduced tropospheric ozone (due to reduced NO x emissions) were relatively small, accounting for 7% and 14% of the EPA Low and High benefit estimates, respectively. Note that a disaggregated estimate of ozone benefits was not available from the AP2 model. Clearly, exposure to particulates (directly or indirectly from emissions of SO 2 , NO x and PM 2.5 ) is the primary driver of monetized health outcomes.
Most of the monetized health benefits come from avoided premature mortality. Based on the EPA approach, achieving the SunShot Vision scenario prevents 25,000-59,000 premature mortalities in total from 2015 to 2050. Achieving the SunShot Vision scenario also would result in numerous forms of avoided morbidity outcomes (Table 1) , including 30,800 hospital admissions for respiratory and cardiovascular symptoms, 2.5 million lost work days, and 2.5 million missed school days.
We focus on a subset of air emissions impacts only. Due to methodological and data limitations, we do not evaluate impacts from heavy metal releases, radiological releases, waste products, and land-use impacts associated with power and upstream fuel production as well as noise, aesthetics, and others. EPA (2015c) includes a discussion of additional environmental and public health impacts deriving from power sector emissions that are not quantified in EPA analyses or These emissions reductions lead to improved air quality and health outcomes across the continental United States. The cumulative value of U.S. health and air quality benefits from the SunShot Vision scenario ranges from $77-$298 billion on a discounted, present-value basis. The average "central" estimate equals $167 billion, or 1.4¢/kWh-solar on a levelized basis; the total range is 0.7-2.6 ¢/kWh-solar (Figure 10 ). The range of benefits estimates reflects uncertainties in how to value emissions reductions, but the benefits are sizable even under the lowest AP2 estimate.
in our analysis. We only consider emissions from power plant operations, and so do not assess upstream and downstream life-cycle impacts. The marginal impacts of air pollutant emissions on health outcomes are an area of active research, and we reflect some of this uncertainty by calculating benefits with both the AP2 and EPA CPP methods. Our methodology presumes MATS is maintained or replaced with a similar regulation such that SO 2 and NO x cap-and-trade programs, such as CSAPR, are essentially non-binding over time: otherwise, the benefits of achieving the SunShot Vision scenario should arguably be valued at allowance prices to reflect savings in the cost of complying with the cap (Siler-Evans et al. 2013) . It is also possible that we may not incorporate some more-localized existing binding cap-and-trade programs; however, the geographic extent of these programs is limited, so they will not substantially bias our results. Non-fatal heart attacks (Peters et al. 2001) 21,600 2,800 3,100 27,500
Non-fatal heart attacks (Pooled estimates, 4 studies) 2,400 300 300 3,000
EPA Morbidity Reductions from NO x --> Ozone Impacts: 2015-2050
Hospital admissions, respiratory (ages > 65) ---10,500 ---10,500
Hospital admissions, respiratory (ages < 2) ---4,000 ---4,000
Emergency room visits, respiratory (all ages) ---4,400 ---4,400
Acute respiratory symptoms (ages 18-65) ---7,673,600 ---7,673,600
School loss days ---2,459,100 ---2,459,100
Monetized benefits are discounted at 3% (real), but emissions reductions and mortality and morbidity values are simply summed over the 2015-2050 period. EPA benefits derive from mortality and morbidity estimates based on population exposure to direct emissions of PM 2.5 and secondary PM 2.5 (from SO 2 and NO X emissions) as well as ozone exposure from NO X emissions during the ozone season (May-September). AP2 benefits are derived from mortality and morbidity estimates based on population exposure to direct emissions of PM 2.5 , SO 2 , and NO X and secondary PM 2.5 (from SO 2 and NO X emissions) as well as ozone exposure from NO X emissions during the ozone season (MaySeptember). AP2 benefits also include consequences from decreased timber and agriculture yields, reduced visibility, accelerated degradation of materials, and reductions in recreation services.
Water use reductions
On a national level, power-sector water withdrawals decline considerably over time under both the SunShot Vision and NNS baseline scenarios, largely due to replacement and reduced operations of the once-through-cooled thermal facilities (Figure 11 ). In the NNS baseline scenario, once-through-cooled plants are largely replaced by new thermal plants using recirculating cooling and wind power capacity. In the SunShot Vision scenario, water-intensive plants are also replaced by solar energy. As a result, national powersector withdrawals are 4% lower ( National power-sector water consumption declines over time in both scenarios ( Figure  12 ), but to a lesser extent than water withdrawals. Consumption decreases sooner and more significantly in the SunShot Vision scenario. While the replacement of oncethrough cooling with recirculating cooling reduces water withdrawals, it increases water consumption in the NNS baseline scenario, thus delaying the decrease in water consumption relative to water withdrawals. In the SunShot Vision scenario, the greater penetration of solar energy counteracts some of the effects of the adoption of recirculating cooling and reduces water consumption for the sector as a whole. Overall, national power-sector consumption is 9% lower (5 trillion gallons) on a cumulative basis from We have assumed that all new CSP plants are deployed with dry-cooling technologies.
To evaluate the robustness of these impacts to different assumptions about CSP cooling, we considered a scenario in which new CSP capacity is built with equal shares of dry cooling, wet cooling, and hybrid wet-dry cooling systems. Because wet-cooled CSP systems are assumed to use recirculating cooling, whether wet, dry, or hybrid cooling is used has a larger impact on consumption than on withdrawals; we therefore focus on consumption impacts. Of the eight states with CSP deployment, Arizona, Colorado, Florida, Nevada, Texas, and Utah still show lower levels of water consumption in 2050 under the SunShot cooling-sensitivity scenario than under the NNS baseline scenarioCalifornia and New Mexico are the exceptions, although New Mexico's water consumption under the sensitivity scenario is still lower than its consumption in 2015.
California's increased consumption is largely due to its relatively low levels of consumption in 2015 and the transition of once-through-cooled thermal generators on the coast to inland-based generation using freshwater. Ocean water resource impacts are not The water savings found in the SunShot Vision scenario provide economic and environmental benefits, especially in regions where water is limited and could be used for other ecosystem or societal services. Reducing electric sector dependence on water can also help ease concerns over energy sector vulnerabilities to climate change (DOE 2013 describes relevant concerns related to climate change impacts on both water availability and water temperature). The lower life-cycle water requirements of solar energy technologies, meanwhile, can help alleviate other energy-sector impacts on water resource quality and quantity that occur during upstream fuel production for other technologies (Averyt et al. 2011 ).
There is no standard, literature-based methodology to quantify the monetary benefits of these water-use reductions. ReEDS already considers cost and performance characteristics of different cooling technologies as well as the availability and cost of water supply in its optimization; these costs and considerations are embedded in the ReEDS decision-making and resultant deployment impacts. However, if future water resources become more limited or future policy becomes more restrictive, then additional costs might be incurred. To assess additional costs in this case we look at the cost of replacing wet cooling with dry cooling. Dry cooling adds capital expense to thermal plants and reduces plant efficiencies and is estimated to increase levelized cost of electricity by 0.32-0.64¢/kWh for coal generation (Zhai and Rubin 2010) and by $3.8-$6.8 per 1,000 gallons (Maulbetsch and DiFilippo 2006) , corresponding to approximately 0.06-0.17¢/kWh (DOE 2015) for natural gas combined cycle plants.
Dry cooling costs likely set an upper bound on the water-related cost-savings of solar energy. Many regions of the country are not facing water scarcity, so the economic benefits of reduced water use are geographically limited. Also, to the extent that solar offsets more electricity supply (kilowatt-hours) than electricity capacity (kilowatts), it may not be able to offset the full capital and operating cost of less water-intensive cooling technologies. To date few plants have been required or chosen to implement dry cooling; alternative, lower-cost means of obtaining and/or reducing water have predominated, including simply locating plants where water is available. Alternative water resources, such as municipal wastewater or shallow brackish groundwater, could also be more cost effective than dry cooling in some regions (Tidwell et al. 2014) . These lower-cost methods of reducing water use are likely to dominate for the foreseeable future.
Conclusion
We use a scenario-analysis approach to assess key potential environmental and health benefits of achieving the solar penetrations envisioned by DOE (2012) . Specifically, we compare a 14%-by-2030 and 27%-by-2050 "SunShot Vision" scenario to a "NNS baseline" scenario (which deploys no new solar after 2014) over the period. Given the appropriate caveats, described throughout this work, we find that a future U.S. electricity system in which solar plays a major role could result in enduring environmental and health benefits globally, nationally, and locally. Figure 14 presents a summary of these results. 10% reduction in powersector life-cycle greenhouse gas emissions: We find that solar power reduces GHG and air pollutants by ~10%, from 2015-2050, providing a discounted present value of $56-$789 billion (central value of ~$250 billion, equivalent to ~2 ¢/kWh-solar) in climate benefits and $77-$298 billion (central value of $167 billion, or ~1.4 ¢/kWh-solar) in air quality and public health benefits. The ranges reflect uncertainty within the primary literature about the marginal impact of emissions of GHG and air pollutants. Solar power is also found to reduce water withdrawals and consumption by 4% and 9%, respectively, including in many drought-prone and arid states. Additional uncertainty on future technology and market conditions exists and would change the amount and type of avoided generation-thereby affecting the possible range of benefits estimated herein. Furthermore, GHG, air pollutant, and water reduction estimates are uncertain owing to the impact of uncertain policy factors on those reductions. Simply put, the more stringent the underlying emissions or water-use regulations, the smaller the opportunity is for solar to reduce those impacts.
Prior literature indicates that these benefits might be achieved most efficiently if policies were adopted to directly internalize the environmental costs into electric sector markets (Borenstein 2012; Edenhofer et al. 2013; Fischer and Newell 2008; Fell and Linn 2013; IPCC 2011; IPCC 2014; Kalkuhl et al. 2013; McKibbin et al. 2014; Novan 2014; Rausch and Karplus 2014; Tuladhar et al. 2014) . Our work, however, is not an evaluation of a specific policy but is instead intended to assess the potential benefits of future solar deployment resulting from the stated cost reductions. We calculate these benefits assuming no major market or policy changes. Thus, this work suggests that if policies designed to internalize environmental costs are not fully implemented, low cost solar power could provide important environmental benefits through the next decades.
